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We have developed a multi-target cell tracking program TADOR, which we applied to a series of ﬂuores-
cence images. TADOR is based on an active contour model that is modiﬁed in order to be free of the prob-
lem of locally optimal solutions, and thus is resistant to signal ﬂuctuation and morphological changes.
Due to adoption of backward tracing and addition of user-interactive correction functions, TADOR is used
in an off-line and semi-automated mode, but enables precise tracking of cell division. By applying TADOR
to the analysis of cultured cells whose nuclei had been ﬂuorescently labeled, we tracked cell division and
cell-cycle progression on coverslips over an extended period of time.
 2011 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Today, more and more researchers wish to perform time-lapse
imaging of a large number of ﬂuorescence-labeled cells on cover-
slips over an extended period of time. This is because researchers’
imagination has been stimulated by newly emerging technologies.
For example, genetically encoded probes for a variety of biological
functions have recently been developed using ﬂuorescent proteins.
Whereas most ﬂuorescent chemical probes leak out of cells soon
after loading, protein-based probes can be expressed constitu-
tively, and remain stable inside speciﬁc organelles or cells for a
long time. In addition, commercial microscope-stage incubators
and large-scale incubators that accommodate an entire micro-
scope, with active control of both temperature and gas atmo-
sphere, have been ingeniously designed to allow long-term
incubation of cultured cells. Consequently, there is a need for ded-
icated software to automatically analyze a large amount of imaged
data. Over a span of days or weeks, however, imaged cells not only
migrate but also divide. Thus, individual target cells exhibit nota-
ble changes in shape, particularly in the M phase.
There are several general approaches to the real-time tracking
of moving objects. Mean shift iterations are used to ﬁnd the target
candidate that is most similar to a given target model [1,2]. In our
daily life, for example, automatic face detection is used to deter-
mine the locations and sizes of human faces in arbitrary images.
However, such techniques are hardly applicable to the analysis ofC-ND license. 
EN, 2-1 Hirosawa,Wako-city,
aki).cell behavior observed in time-lapse imaging, due to considerable
changes in target morphology. For this reason, most tracking soft-
ware on the market, such as Imaris, ImagePro, MetaMorph, Amira,
InCellAnalyzer and Volocity, detect a target by image thresholding
(binarization). However, binarization is susceptible to signal
changes in the target as well as the background. This problem is
especially serious in a long-term ﬂuorescence imaging experiment,
during which ﬂuorescence signals can ﬂuctuate considerably with
time. Another thresholding approach is the level-set method [3].
Using a fast topology-constrained level-set method, Li et al. devel-
oped a fully automated multi-target tracking system [4,5].
Although they were able to track hundreds of cells that migrated
and proliferated for two days, their method adopted the halo effect
and was limited to phase-contrast microscopy data. Thus, it re-
mains to be seen whether this technique can be applied to ﬂuores-
cence imaging.
To overcome the aforementioned problems, in this study we
employed the active contour model (Snakes), which does not use
image thresholding. Because the Snakes technique draws contours
that move within images to ﬁnd object boundaries, it is resistant to
signal ﬂuctuation and morphological changes when applied to a
sequence of images. Although one needs to determine the target
contour at the beginning of an analysis (or after manual correc-
tion), we prefer software to possess an interactive component. In
applying the Snakes technique to object tracking in a series of ﬂuo-
rescence images, we have added a special function in order to cir-
cumvent the problem of local optimal solutions, which is common
to active-contour techniques. In actual time-lapse imaging experi-
ments, we labeled cultured cell nuclei with ﬂuorescent proteins to
allow clear delineation of individual cells. In order to track dividing
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sion but not cell division. The modiﬁed Snakes method (TADOR)
was successfully applied to the automatic analysis of dividing cul-
tured cell nuclei labeled with histone 2B-EGFP [6] or the cell-cycle
probe, Fucci [7].2. Materials and methods
2.1. Program construction
Snakes is a two-dimensional (2D) contour extraction method
based on the active contour model [8]. Initial contours are manu-
ally drawn to contain individual nuclei. Subsequently, the contours
automatically change their shapes in order to minimize the values
of their energy evaluating functions based on energy optimization
problems. Calculations are repeated until the contours shrink to
reach nuclear edges (Fig. 1A). As Snakes is not affected by intensity
drift of targets or the intensity gradient of background, it is advan-
tageous for ﬂuorescence images that have a great deal of pulse
noise. Although Snakes was originally developed for still images,
it is easily extended to track moving objects [9–11]. A determined
contour, i.e., the nuclear outline, in a frame is expanded and used
as the initial one in the next frame (Fig. 1B).
For effective tracking of cell nuclei, in this study, we set a rea-
sonably short interval for time-lapse imaging. If cells move consid-
erably during an interval, however, this method may fail to
segment nuclei in the new frame. Therefore, we have introduced
a few recalculation algorithms. On the one hand, when an ex-
panded contour extends across the nucleus (Fig. 1C), the ﬂuores-
cence intensity along the contour will be greatly deviated. If the
deviation exceeds a threshold, one of the algorithms will request
further expansion of the contour. On the other hand, when theC
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Fig. 1. The principles of tracking dividing cells with ﬂuorescent nuclei. (A) Initial Sna
Subsequently, the contours automatically change their shapes (blue arrows); contours shr
is expanded and used as the initial contour in the next frame (ii). (C) When an expanded c
greatly deviated; therefore, the contour is expanded further. (D) When the nucleus move
detect a round ﬂuorescent object as the lost target. (E) Snakes cannot trace dividing ta
hCdt1(30/120) and mAG-hGem(1/110) accumulate reciprocally in the nuclei of transfec
those of S/G2/M phase cells green. A small gap in ﬂuorescence is observed in newborn dnucleus moves a large distance from the original place and is lost
(Fig. 1D), the Hough transformation [12,13] will detect a round
ﬂuorescent object as the lost target.
Level-set is another method based on the active contour model.
Whereas level-set can create contours automatically at any frame,
Snakes cannot do so. Therefore, Snakes cannot trace dividing tar-
gets automatically (Fig. 1E, i). However, Snakes can trace fusing
targets (Fig. 1E, ii). Accordingly, we have adopted backward trac-
ing, in which time is reversed and cell division is replaced with cell
fusion. Although this means that only off-line analysis is possible,
the validity of backward tracing has been demonstrated previously
[4,5,14–16].
The regulation of cell cycle-dependent ubiquitination has re-
cently been exploited to develop a genetically encoded indicator
for cell cycle progression, Fucci (ﬂuorescent ubiquitination based
cell cycle indicator) [7]. The original Fucci probe was generated
by fusing mKO2 and mAG to the ubiquitination domains of human
Cdt1 (hCdt1) and human Geminin (hGem): hCdt1(30/120) and
hGem(1/110), respectively. These two chimeric proteins, mKO2-
hCdt1(30/120) and mAG-hGem(1/110), accumulate reciprocally
in the nuclei of transfected mammalian cells during the cell cycle,
labeling the nuclei of G1 phase cells red and those of S/G2/M phase
cells green; these proteins function as effective G1 and S/G2/M
markers (Fig. 1F). However, because the green ﬂuorescence disap-
pears rapidly in late M phase and the red ﬂuorescence becomes
detectable in early G1 phase, a small gap in ﬂuorescence is ob-
served in newborn daughter cells. Such a transient extinction of
ﬂuorescence signals is fatal to binarization-based cell-tracking
methods, but not to Snakes. Snakes contours repeatedly expand
and shrink at the same place during the gap, until they recognize
re-emerging nuclei. In the event that a nonﬂuorescent nucleus
were to move a large distance from the original place, we have
introduced the Hough transformation, which detects round ﬂuo-ii iiii iv
iii iii iv v vi
G1 S/G2 M G1
kes contours (broken red lines) are manually drawn to contain individual nuclei.
ink to reach nuclear edges (dotted red lines). (B) A determined contour in a frame (i)
ontour extends across the nucleus (ii), the ﬂuorescence intensity along the contour is
s a large distance from the original place and is lost, the Hough transformation will
rgets automatically (i), but it can trace fusing targets automatically (ii). (F) mKO2-
ted mammalian cells during the cell cycle, labeling nuclei of G1 phase cells red and
aughter cells (early G1).
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interface that enables users to create initial Snakes contours at any
frame. The interface allows users to review tracing of individual
cells and correct errors manually. The user-interactive operation
is very helpful in practice. The complete TADOR algorithm is pre-
sented in Supplementary Fig. 1.
2.2. Lentivirus construction and production
Replication-defective, self-inactivating lentiviral vectors were
used [17,18]. cDNA encoding Histone2B-EGFP (H2B-EGFP) was
cloned into a CSII-EF-MCS vector. The plasmid was transfected into
293T cells along with a packaging plasmid (pCAG-HIVgp) and a
VSV-G and Rev-expressing plasmid (pCMV-VSV-G-RSV-Rev).
High-titer viral solutions for H2B-EGFP were prepared and used
for cotransfection into HeLa cells.
2.3. Imaging of cultured cells
HeLa cells expressing H2B-EGFP were grown on a 35-mm glass-
bottom dish in phenol red-free Dulbecco’s modiﬁed Eagle’s med-
ium containing 10% fetal bovine serum (FBS). Cells were subjected
to long-term, time-lapse imaging using a computer-assisted ﬂuo-
rescence microscope (Olympus, LCV100) equipped with an objec-
tive lens (Olympus, UAPO 40/340N.A. = 0.90), a halogen lamp, a
red LED (620 nm), a CCD camera (Olympus, DP30), differential
interference contrast (DIC) optical components, and interference
ﬁlters. For ﬂuorescence imaging, the halogen lamp was used with
a ﬁlter cube containing excitation (470DF35) and emission
(510WB40) ﬁlters for observing EGFP ﬂuorescence. For DIC imag-
ing, the red LED was used with a ﬁlter cube containing an analyzer.
Image acquisition and analysis were performed using the Meta-
Morph 6.13 software (Universal Imaging, Media, PA). Primary cul-
tured ﬁsh cells expressing zFucci (zebraﬁsh Fucci) were obtained
from Cecyil, a transgenic zebraﬁsh line that expresses zFucciD
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Fig. 2. Comparison between binarization-based (ImageJ) and a Snakes-based (TADO
(B) Uniform but high background. (C) Non-uniform background. (D) Fluctuation of nucl[19]. Well-dissociated cells were subjected to long-term time-lapse
imaging using an FV300 (Olympus) confocal inverted microscope
system equipped with 488 nm (Argon) and 543 nm (He/Ne) laser
lines. Image analysis was performed using the ImageJ software.
3. Results and discussion
We examined the performance of TADOR, which uses still
images, and compared it with that of ImageJ software, which uses
binarization. We transfected Histone2B-EGFP (H2B-EGFP) into
HeLa cells and tried to segment the cell nucleus in a ﬂuorescence
image (Fig. 2). Both ImageJ and TADOR segmented the nucleus
(Fig. 2A). Next, we manipulated the ﬂuorescence signals intention-
ally. The addition of uniform and non-uniform background signals
prevented ImageJ from segmenting the ﬂuorescent nucleus (Fig. 2B
and C, respectively). By contrast, because TADOR uses the Snakes
function, which is not sensitive to changes in signal intensity, it
segmented the nucleus precisely in the presence of complex back-
ground signals, even without using noise ﬁlters (Fig. 2B and C). This
robust characteristic of TADOR was demonstrated in an experi-
ment in which ﬂuorescence signals in the nucleus were greatly al-
tered between images (Fig. 2D), suggesting that the nuclear signal
could be tracked throughout the mitotic phase.
Next, we time-lapse imaged proliferating HeLa cells that ex-
pressed H2B-EGFP, using an incubator microscope (Olympus,
LCV100) (Fig. 3, Supplementary Movie 1). We applied TADOR to
one series of images (Frames 207–221) of a dividing cell. As shown
in Fig. 1E (i), forward tracking failed to detect the cell division
(Fig. 3A, Forward). By contrast, backward tracking detected the
apparent cell fusion successfully (Fig. 3A, Backward). However,
due to the problem of locally optimal solutions, the contour did
not delineate the converging nucleus very well. We thus intro-
duced a function that repeats the cycle of expansion and shrinkage
multiple times until the deviation of the signal intensity along the
contour line is signiﬁcantly minimized. Using that function, we1 2 3 4 5 6 7 8 9
Frame No
1 2 3 4 5 6 7 8 9
R) method for segmenting ﬂuorescent nuclei (H2B-EGFP). (A) Low background.
ear signals.
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ward with calculation). Next, we extended the analysis to obtain
a large-scale cell lineage tree (Fig. 3B). The last ﬂuorescence image
from the real imaging experiment in forward time (i.e., the initial
image in the backward analysis) is also provided (Fig. 3C).
It was important for us to determine whether the original ver-
sion of Fucci, which was based on hCdt1 and hGem, would work
effectively in ﬁsh cells. We found that Geminin, but not Cdt1, is
interchangeable between mammals and ﬁsh, at least in terms of
ubiquitin-mediated degradation. Therefore, we developed zebra-
ﬁsh Fucci (zFucci) using the zebraﬁsh homologs of Cdt1 (zCdt1)
and Geminin (zGem). Furthermore, we constructed Cecyil, a trans-
genic zebraﬁsh line that expresses zFucci [19]. Primary cultured
cells prepared from Cecyil had nuclei that emitted ﬂuorescence
with a similar temporal pattern to that shown in Fig. 1F. Due to
the nuclear localization of ﬂuorescence signals, the zFucci-express-
ing ﬁsh cells were expected to be a good material for TADOR. How-
ever, the cells were highly mobile on a petri dish, and it was quite a
challenge to apply TADOR to analysis of their movements. We
time-lapse imaged the proliferation of those cells over a time per-
iod of approximately 52 h, with an interval of 3 min. Eleven cells on
the last image (Frame 1050, Fig. 4A) were selected for backward
tracking. Analysis of 1051 frames using TADOR with the backward
tracking function automatically created a large-scale cell lineage
tree. In our software, the nuclear color is also recorded and de-
scribed in the tree, enabling automatic construction of a histogram
that shows the temporal lengths of G1 versus S/G2/M phases. Next,
using the reviewing function, we individually examined the back-B
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Fig. 3. Time-lapse imaging of proliferating HeLa cells expressing H2B-EGFP. (A) Trackin
detect the cell division (forward), backward tracking successfully detected the apparent
times until the deviation of the signal intensity along the contour line is signiﬁcantly min
calculation). (B) A large-scale cell lineage tree. (C) The last ﬂuorescence image in the reaward tracking of the 11 cells throughout the 1051 images. Twenty-
two errors were identiﬁed and corrected manually to complete a
cell lineage tree (Fig. 4B), which should have substantially 100%
accuracy (Supplementary Movie 2). The errors arose from the fol-
lowing sources:
(1) The red ﬂuorescence in a target cell was extinct for some
time in early G1 phase (Fig. 4B, 9 blue Xs).
(2) There was a large change in size/shape of a target cell during
M phase (Fig. 4B, 1 orange X).
(3) A target cell moved too actively to be detected by the Hough
transformation (Fig. 4B, 8 violet Xs).
(4) A target cell approached neighboring cells too closely
(Fig. 4B, 4 black Xs).
It is evident that most errors occurred around M phase.
Although it is imperative for us to obtain a cell lineage tree with
100% precision, all existing cell tracking software programs that
use full automation suffer from a substantial number of errors.
Their performance is further deteriorated for dividing cells. Mini-
mizing errors can be achieved at the stage of image acquisition;
for example, it may be effective to delineate cell nuclei constantly
with ﬂuorescence (H2B-EGFP), or to shorten time intervals of time-
lapse imaging. However, in our view, the combination of the mod-
iﬁed Snakes technique with backward tracing could also increase
the accuracy. Furthermore, the user-interactive off-line function,
allowing review and correction of cell tracking, should yield an
accuracy of 100%. Based on these advantages, we anticipate that207208209210211212213214
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Fig. 4. TADOR analysis of a series of images of cultured ﬁsh cells expressing zFucci. (A) The ﬁrst (left), 501st (middle) and 1,051st (right) images. Scale bar, 10 lm. (B) Semi-
automatic construction of a cell lineage tree, which also shows the time lengths of G1 (red) versus S/G2/M (green) phases. Four different types of errors were corrected on the
indicated frames (see text).
1084 H. Kurokawa et al. / Biochemical and Biophysical Research Communications 417 (2012) 1080–1085the TADOR software will be attractive to a wide range of research-
ers who wish to perform time-lapse imaging over long periods of
time.
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